Recently, attention has been focused on the recovery of gold from aqueous solutions from the standpoints of gold recovery from industrial resources, such as electronics parts and plating materials. [1] [2] [3] [4] [5] [6] [7] Previously, one of the authors reported that persimmon tannin (PT) gel, a newly developed biosorbent, adsorbed large amounts of gold from a solution containing hydrogen tetrachloroaurate(III). 8 The gold adsorption by the gel was rapid, endothermic, and obeyed the Langmuir isotherm. On the other hand, the gel also adsorbed large amounts of uranium, 9 iron, 10 and vanadium. 11 The gel contained a number of adjacent hydroxyphenyl groups, which are suitable ligands for hard acids, such as uranyl, iron(III), and vanadyl ions, based on the HSAB idea. 12,13 Because Au(III) ion is softer than these cations, hydroxyphenyl groups in the gel are not suitable.
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Preliminary experiments revealed that colloidal Au(0) was formed in a HAuCl4 solution containing PT gel. In this note, therefore, further experiments were conducted to analyze the mechanism of gold adsorption.
Experimental
The persimmon tannin (PT) solution used throughout this study was obtained from Tomiyama Shoten, Kyoto. PT gel was prepared as previously described. 8, 11 Hydrogen tetrachloroaurate(III) tetrahydrate and other chemicals used for this study were obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Gold adsorption experiments in a column system were conducted as follows: 1000 ml of a solution (pH 3) containing 0.1 mM HAuCl4 was passed through a column (diameter 8 mm, bed volume 8.9 ml) of PT gel at 150 and 300 ml/h, collecting 100 ml for each fraction. The pH of the gold solution was adjusted to 3 by 0.1 M HCl and 0.1 M NaOH. To avoid an optical reduction of Au(III) ion, adsorption experiments were conducted under dark conditions. The gold content in each fraction was determined by a inductively coupled plasma quantometer (Shimadzu ICPQ 1000II). A colloidal Au(0) solution was prepared by adding 20 µM of formaldehyde to a solution containing 0.05 mM HAuCl4. After adjusting the pH to the desired value by 0.1 M HCl and 0.1 M NaOH, the mixture solution was allowed to stand. The time when the gold solution became colored purplish red was recorded as the time for colloid formation. Fifty milliliters of the resulting colloidal Au(0) solution were passed through a column (diameter 8 mm, bed volume 5 ml) of PT gel at 100 ml/h. The gold adsorption ratio (%) was estimated from the gold content in each elute. The optical absorption spectra were measured using an absorption spectrophotometer (Japan Spectroscopic Co. Ltd., JASCO V-550). Powder X-ray diffraction (XRD) patterns of PT adsorbed gold were recorded with a powder X-ray diffractometer (Shimadzu XD-D1) using Cu Kα1 radiation (λ = 1.54056 Å) over a 2θ range from 1˚ to 80˚.
Results and Discussion
The effect of the flow rate on gold adsorption by PT gel was examined in a column system, the results of which are listed in Table 1 . When the HAuCl4 solution (pH 3) was passed through the PT gel column at 150 ml/h, the gold in the solution was completely adsorbed on the column. While it passed through the column at 300 ml/h, some gold was eluted in the first five fractions, and the first two fractions were colored purplish-red. As shown in Fig. 1 , the optical absorption spectrum of the first fraction showed two absorption peaks at 306 and 544 nm. The former peak was assigned to AuCl4 -ion, 14 and the latter to colloidal Au(0), 15 which indicates the formation of colloidal Au(0) in the fraction. When the colored-fraction was passed through the column again, residual gold was completely adsorbed on it and the color disappeared. These results suggested that Au(III) ion in the HAuCl4 solution reduced to Au(0), and the resulting colloidal Au(0) was adsorbed by the gel. Some initial activation process of the gel surface should retard the reduction and the adsorption reactions, which caused the elution of gold at a rapid flow rate.
The powder X-ray diffraction (XRD) pattern of the gel adsorbed gold (0.89 mmol Au/g adsorbent) had four peaks of diffraction angles of 2θ = 38.0, 44.2, 64.4, 77.4 with intensity ratios of 100:46:30:35 (Fig. 2a) . The pattern was the same as that of the gold particles (Fig. 2c) . No sharp peak was observed in the XRD diffraction pattern of the gel without gold (Fig. 2b) . These four peaks in Fig. 2a and c 16 These results indicated the existence of Au(0) in PT gel, which strongly assists the assumption in the previous section.
Colloidal Au(0) was prepared from a HAuCl4 solution by formaldehyde. As listed in Table 2 , a colloidal Au(0) solution with a purplish red color was formed within 2 -3 h in a higher pH region (pH 4 -6). On the other hand, at pH 3, it took 16 h to form, and no colloidal Au(0) was formed below pH 2. As listed in Table 2 , PT gel could adsorb colloidal Au(0) with a very high efficiency from the solution at pH 3. On the other hand, the adsorption efficiency was rapidly decreased above pH 3. Because the colloid should disperse steadily in a higher pH region, 17 the gel cannot adsorb it. Summarizing these results, a following model should be presented for the mechanism of gold adsorption by PT gel from a HAuCl4 solution:
(a) Ligand exchange of AuCl4 -by hydroxylphenyl groups in PT gel (b) Reduction of Au(III) to Au(0) by PT gel (c) Adsorption of resulting Au(0) by PT gel A flow-rate examination in the column system and the XRD patterns assist in the process containing reactions (b) and (c). Gold adsorption from colloidal Au(0) prepared independently is just reaction (c). Previous results showed that the maximum gold adsorption by PT gel occurred at around pH 3. 8 An increase of Cl -ions caused a retardation of the reaction (a) through the formation of stable AuCl4 -ions, which reveals a decrease of gold adsorption below pH 3. Previous results also indicated that the gold adsorption by PT gel was endothermic with a large enthalpy of +77.6 kJ/mol, suggesting that the gold adsorption process included dissociation of the AuCl4 -ion. 8 Since reaction (a) includes the dissociation of AuCl4 Fig. 1 Optical absorption spectra of the first fraction with purplishred color eluted from a PT gel column at 300 ml/h (a) and the original solution containing 0.05 mM of HAuCl4 (b). The peak at 544 nm was assigned to colloidal gold(0) and that at 306 nm to the AuCl4 -ion. also adsorb colloidal Au(0) prepared independently. A suitable model was presented for the mechanism of gold adsorption by the gel from a HAuCl4 solution. It consists of a ligand exchange of AuCl4 -by hydroxyphenyl groups in the PT gel, the reduction of Au(III) to Au(0) by PT gel, and the adsorption of colloidal Au(0). It could consistently elucidate the present and previous experimental results.
